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Mitochondria import nuclear-encoded precursor proteins
to four different subcompartments. Specific import machi-
neries have been identified that direct the precursor
proteins to the mitochondrial outer membrane, inner
membrane or matrix, respectively. However, a machinery
dedicated to the import of mitochondrial intermembrane
space (IMS) proteins has not been found so far. We have
identified the essential IMS protein Mia40 (encoded by the
Saccharomyces cerevisiae open reading frame YKL195w).
Mitochondria with a mutant form of Mia40 are selectively
inhibited in the import of several small IMS proteins,
including the essential proteins Tim9 and Tim10. The
import of proteins to the other mitochondrial subcompart-
ments does not depend on functional Mia40. The binding
of small Tim proteins to Mia40 is crucial for their transport
across the outer membrane and represents an initial step
in their assembly into IMS complexes. We conclude that
Mia40 is a central component of the protein import and
assembly machinery of the mitochondrial IMS.
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Introduction

Mitochondria consist of two membranes and two aqueous
compartments, the intermembrane space (IMS) and the ma-
trix. Except for a few proteins of the inner membrane and
matrix, all mitochondrial proteins are encoded by nuclear
genes and synthesized as precursor proteins on cytosolic
polysomes (Herrmann and Neupert, 2000; Jensen and
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Johnson, 2001; Endo et al, 2003; Sickmann et al, 2003).
Three main biogenesis pathways of mitochondrial proteins
have been characterized so far. Each pathway involves first
the general translocase of the outer membrane (TOM com-
plex) and then a specific machinery for sorting to the correct
mitochondrial subcompartment.

(i) Most matrix proteins carry positively charged N-term-
inal presequences that are proteolytically removed after the
import. After translocation through the TOM complex, the
preproteins are directed to the membrane potential (Ay)-
driven presequence translocase of the inner membrane
(TIM23 complex) (Jensen and Johnson, 2001; Truscott et al,
2003). The ATP-powered presequence translocase-associated
motor (PAM) in the matrix drives the completion of protein
import (Frazier et al, 2004; Kozany et al, 2004). Some inner
membrane and IMS proteins use a modified version of the
presequence pathway. They carry a hydrophobic sorting
sequence behind the cleavable matrix-targeting signal and
are thus arrested in the inner membrane (Glick et al, 1992;
Hahne et al, 1994). IMS proteins that carry such a bipartite
presequence, like cytochrome b, and NADH-cytochrome by
reductase, are first inserted into the inner membrane in a Ay-
dependent manner and are then released to the IMS by a
proteolytic removal of the sorting sequence. (ii) A majority of
inner membrane proteins are synthesized without a cleavable
presequence, but contain internal targeting signals. With the
help of cytosolic chaperones, the precursors are transferred
to the TOM complex in an ATP-dependent manner (Pfanner
et al, 1987; Young et al, 2003). After passing through the TOM
channel, the precursors do not engage the presequence
translocase, but use a separate machinery for transport to
and insertion into the inner membrane. Small Tim proteins,
including the essential proteins Tim9 and Tim10, guide the
hydrophobic precursor proteins through the IMS and transfer
them to the A\-driven protein insertion complex of the inner
membrane (carrier translocase, TIM22 complex) (Sirrenberg
et al, 1996, 1998; Kerscher et al, 1997; Koehler et al, 1998a;
Davis et al, 2000; Luciano et al, 2001; Curran et al, 2002a, b;
Rehling et al, 2003). (iii) The precursors of B-barrel proteins
of the outer membrane, like the abundant porin, are imported
in an ATP-dependent manner. The precursors are first trans-
located via the TOM complex to the IMS side. With the help
of small Tim proteins, the precursors are then guided to
the sorting and assembly machinery (SAM complex) of the
outer membrane that promotes their membrane integration
and assembly into functional complexes (Kozjak et al, 2003;
Paschen et al, 2003; Wiedemann et al, 2003a, 2004a, b; Gentle
et al, 2004; Hoppins and Nargang, 2004).

For the majority of IMS proteins, however, no specific
import machinery has been identified. Many IMS proteins
are small proteins with a size up to 20kDa and contain
conserved cysteine residues that are involved in binding
cofactors (metal ions, heme) or formation of disulfide
bonds (Lutz et al, 2003). These proteins do not carry clea-
vable presequences, but are synthesized as mature-sized
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proteins with internal targeting signals. Typical examples are
the five members of the family of small Tim proteins (Tim8,
Tim9, Tim10, Tim12 and Tim13) (Koehler, 2004). Like all
other mitochondrial precursor proteins, they use the general
entry gate, the TOM complex, for translocation across the
outer membrane in a loosely folded conformation. The pre-
cursor proteins do not engage inner membrane translocases
and depend neither on a membrane potential nor on ATP for
translocation into the IMS (Lutz et al, 2003). Due to the lack
of an IMS protein import machinery for the small Tim
proteins, it has been suggested that the refolding of the
precursor proteins in the IMS, accompanied by binding of
cofactors or formation of disulfide bonds, represents the
crucial mechanism for trapping the proteins in the IMS
(‘folding-trap model’) (Allen et al, 2003; Lutz et al, 2003;
Koehler, 2004; Lu et al, 2004a).

We have identified the essential IMS protein Mia40 that
binds to incoming precursors of small Tim proteins, facilitat-
ing their translocation across the outer membrane. Mia40
directs the precursor proteins onto their assembly pathway
into IMS complexes, but is not present in the mature com-
plexes. We conclude that Mia40 is a crucial component of an
IMS-specific import and assembly machinery.

Results

Mia40 is an essential protein of the mitochondrial IMIS
Since several members of the family of small Tim proteins are
essential for cell viability (Koehler et al, 1998a, b; Sirrenberg
et al, 1998; Adam et al, 1999), we assumed that a putative
IMS import machinery should contain an essential protein.
We screened the recently determined mitochondrial pro-
teome of the yeast Saccharomyces cerevisiae (Sickmann et al,
2003) for the presence of essential proteins with a possible
bipartite IMS targeting signal (Glick et al, 1992). The protein
encoded by the open reading frame YKL195w contained a
positively charged N-terminal sequence followed by a hydro-
phobic segment, that is, a candidate for a bipartite prese-
quence (Figure 1A). Since we show here that the protein is
involved in the mitochondrial IMS import and assembly
pathway, we term it Mia40. Mia40 possesses a high content
of negatively charged residues (pI of 4.51 for the entire
precursor and pl of 4.18 for the putative mature region).
Mia40 contains a C-terminal domain conserved from yeast to
man; however, the function of these proteins has not been
known. The domain consists of a cluster of negatively
charged residues, followed by a highly conserved sequence
with six cysteines (Figure 1B). The four C-terminal cysteines
form a twin Cx¢C motif. IMS proteins like the copper chaper-
one Cox17 and the related protein Cox19 also contain this
motif, but not the complete conserved Mia40 domain (Beers
et al, 1997; Nobrega et al, 2002).

To determine the cellular localization of Mia40, we ex-
pressed the protein in Escherichia coli and generated anti-
bodies. Purified recombinant Mia40 as well as the
mitochondrial protein decorated with antibodies against
Mia40 migrated significantly more slowly on SDS-PAGE
than expected according to the predicted molecular mass
(Figure 1C, lane 1). This behavior is characteristic for highly
acidic proteins due to a reduced binding of SDS. The speci-
ficity of the antibody reaction for Mia40 was confirmed by
two independent means: the in vitro imported and processed
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radiolabeled Mia40 showed the same unusual mobility
on SDS-PAGE (see below, Figure 1G); and the mobility
of the band recognized by anti-Mia40 antibodies was
altered in mia40-3 mutant mitochondria (Figure 2B). The
mobility of Mia40 on blue native electrophoresis (BN-PAGE)
was also highly unusual, probably due to a reduced binding
of the negatively charged dye Coomassie blue. Mia40 mi-
grated in a molecular mass range of 150-180 kDa both under
mild conditions (digitonin) and under all conditions that
were used to dissociate putative oligomers, including redu-
cing conditions and strong denaturants (Figure 1C, lanes 2-4;
and data not shown). The comparable mobility of Mia40 on
BN-PAGE under denaturing and nondenaturing conditions
resembles the behavior of monomeric proteins, while pro-
teins that are present in oligomeric complexes under non-
denaturing conditions migrate much faster on BN-PAGE
upon dissociation of the complexes by SDS (Dekker et al,
1996, 1997).

A fractionation of yeast cells by differential centrifugation
demonstrated that Mia40 was selectively present in the
mitochondrial fraction like the ADP/ATP carrier (AAC) and
Tim23 (Figure 1D). Upon sonication of mitochondria, Mia40
was largely released to the supernatant like the IMS protein
cytochrome b, and the matrix cochaperone Mgel, while
Tim23 and Tim44 remained in the membrane fraction
(Figure 1E). Mia40 was protected against protease treatment
in intact mitochondria (Figure 1F, lanes 2-4), but was de-
graded by the protease after opening of the IMS space by
swelling (formation of mitoplasts), like the IMS proteins
cytochrome ¢ heme lyase (CCHL) and cytochrome b, and
the IMS-exposed protein Tim23 (Figure 1F, lanes 6-8). These
results demonstrate that Mia40 is located in the mitochon-
drial IMS.

In order to analyze whether Mia40 contained a cleavable
bipartite presequence, the precursor of Mia40 was synthe-
sized and radiolabeled in reticulocyte lysate and imported
into isolated yeast mitochondria. Mia40 was processed in two
steps (Figure 1G, lanes 2-5) and transported to a protease-
protected location in a Ay-dependent manner (Figure 1G,
lanes 7-10). The second processing product showed the same
mobility on SDS-PAGE as Mia40 recognized by anti-Mia40
antibodies (Figure 1G, lanes 11 and 12). The biogenesis of
Mia40 thus shows the typical characteristics of proteins
carrying a bipartite presequence like cytochrome b, and the
IMS form of NADH-cytochrome bs reductase (Glick et al,
1992; Hahne et al, 1994).

Deletion of the MIA40 gene was lethal to yeast cells, as
determined by tetrad analysis and plasmid shuffling
(Winzeler et al, 1999; Stevenson et al, 2001; data not
shown). To analyze the function of Mia40, we generated a
conditional mutant allele of MIA40 that conferred tempera-
ture-sensitive growth. The mia40-3 yeast cells grew like wild-
type cells at permissive (low) temperature, but were strongly
impaired at the nonpermissive temperature of 37°C on fer-
mentable medium and were unable to grow on nonfermen-
table medium at 37°C (Figure 2A). In summary, Mia40 is an
essential protein of the mitochondrial IMS.

Mia40 is required for the import of precursor proteins
into the IMS

We grew mia40-3 cells at different temperatures and deter-
mined the protein levels of isolated mitochondria by Western
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Figure 1 Mia40 is located in the mitochondrial IMS. (A) Predicted primary structure of the translation product of the full open reading frame of
S. cerevisiae MIA40 (YKL195w). Box, hydrophobic segment. It has also been proposed that Mia40 starts at the second methionine (residue 25;
Kellis et al, 2003). We synthesized both forms in vitro and imported them into isolated mitochondria. The efficiency of in vitro synthesis and the
observed import signals were considerably stronger for the protein derived from the full open reading frame. (B) Sequence alignment of S.
cerevisiae (Sc) Mia40 (residues 273-392) with homologous protein domains from Schizosaccharomyces pombe (Sp), Neurospora crassa (Nc),
Candida albicans (Ca), Drosophila melanogaster (Dm) and Homo sapiens (Hs). Black, identical residues in at least four proteins; gray, similar
residues. The conserved twin CxoC motif is marked. (C) Migration of Mia40 from wild-type S. cerevisiae mitochondria on SDS-PAGE and BN-
PAGE, analyzed by Western blotting. Where indicated, 10 mM DTT or 0.2% SDS were added to the digitonin buffer prior to BN-PAGE. The
sample containing SDS was boiled for 15 min at 95°C. (D) Cellular fractionation. Equal volumes of the fractions after differential centrifugation
steps (numbers refer to 1000g) were analyzed by Western blot. S, supernatant; P, pellet. (E) Separation of sonicated mitochondria into
membrane-bound and soluble fractions by centrifugation. Sup., supernatant. Samples were subjected to Western blot analysis. (F) Treatment of
mitochondria and mitoplasts with proteinase K (Prot. K), followed by Western blot analysis. (G) Import and processing of the radiolabeled
precursor of Mia40 by isolated mitochondria. The reisolated mitochondria were subjected to SDS-PAGE and digital autoradiography. Mature
Mia40 analyzed by Western blotting is shown in samples 11 and 12. p, precursor; i, intermediate; m, mature.

blotting. After growth at permissive temperature, mia40-3
mitochondria contained wild-type amounts of the proteins
analyzed, including proteins of each of the four mitochon-
drial subcompartments (Figure 2B). The steady-state level of
the mutant protein Mia40-3 was moderately increased. A stop
codon in the mia40-3 allele led to a C-terminal truncation of
Mia40-3 (see Materials and methods) and a faster mobility on
SDS-PAGE than the wild-type protein (Figure 2B, lanes 1-4).
When mia40-3 cells were grown at elevated temperature, the
steady-state levels of Tim9, Tim10 and Tim13 were signifi-
cantly reduced (Figure 2C, lanes 3, 4, 7 and 8), raising the
possibility that Mia40 was involved in the biogenesis of small
Tim proteins.

For a detailed analysis of the function of Mia40, we studied
the import of radiolabeled precursor proteins into isolated
mitochondria (shown in Figures 3-6). To avoid alterations of
the steady-state protein levels of mia40-3 mitochondria, the
cells were grown at permissive conditions, mitochondria
were isolated and then shifted to elevated temperature. BN-
PAGE analysis showed that the isolated mitochondria
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contained intact TOM and TIM complexes (Figure 2D), in-
cluding the 70kDa Tim9-Timl0 complex that consists of
three Tim9 molecules and three Tim10 molecules; and the
300kDa TIM22 complex that consists of the integral inner
membrane proteins Tim22, Tim54 and Tim18 and small Tim
proteins (Tim12 and a fraction of Tim9-Tim10) (Sirrenberg
et al, 1996, 1998; Kerscher et al, 1997; Koehler et al, 1998a;
Koehler, 2004; Lu et al, 2004b; Wiedemann et al, 2004a).
The precursors of IMS proteins were synthesized in reti-
culocyte lysate in the presence of [>**S]methionine/cysteine
and incubated with isolated mia40-3 and wild-type mitochon-
dria at 30°C. The mitochondria were then treated with
proteinase K to remove nonimported precursor molecules.
The transport of Tim10, Tim9, Tim8 and Tim13 to a protease-
protected location was strongly inhibited in mia40-3 mito-
chondria (Figure 3A, upper panel; Figure 3B-D). To exclude
that the outer membrane of mia40-3 mitochondria was leaky
to the protease, we determined the levels of endogenous
CCHL and Tim23 by Western blot analysis. Tim23 and
CCHL, which were degraded by a low concentration of
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Figure 2 A temperature-sensitive yeast mutant of Mia40 contains reduced levels of small Tim proteins. (A) WT and mia40-3 S. cerevisiae cells
were subjected to serial 10-fold dilutions, plated on YPD or YPG medium and incubated for 3 days at the temperatures indicated. (B)
Mitochondria from WT and mia40-3 cells grown at 19°C were analyzed by SDS-PAGE and immunodecoration. Mia40, 15 and 45 pg
mitochondrial protein, respectively; other proteins, 25 and 50 pg mitochondrial protein, respectively. (C) WT and mia40-3 cells were grown
at 30 or 33°C and mitochondria were isolated. Odd-numbered lanes, 15 pg mitochondrial protein; even-numbered lanes, 45 pg mitochondrial
protein. (D) Mitochondria (80pug of protein) from cells grown at 19°C were solubilized by digitonin and subjected to BN-PAGE and

immunodecoration.

proteinase K when the outer membrane was opened
(Figure 1F, lane 6), were completely protected in mia40-3
mitochondria (Figure 3A, middle panels), demonstrating the
intactness of the outer membrane barrier. Similarly, the
import of Cox17 and Cox19 was inhibited in mia40-3 mito-
chondria in comparison to wild-type mitochondria (Figure 3E
and F).

Previous studies showed that the biogenesis pathway of
the small IMS protein cytochrome c is different from that of
all other mitochondrial proteins studied so far. Although the
precursor apocytochrome c employs the TOM complex, the
pattern of dependence on individual Tom proteins is unique
(Diekert et al, 2001; Wiedemann et al, 2003b). The covalent
addition of heme by CCHL is required for the accumulation of
cytochrome c in the mitochondrial IMS (Nargang et al, 1988;
Dumont et al, 1991). The import of apocytochrome c into
mia40-3 mitochondria occurred with similar efficiency as into
wild-type mitochondria (Figure 3G). We conclude that, with
the exception of cytochrome ¢, functional Mia40 is required
for the mitochondrial import of the small IMS proteins
analyzed.

Finally, we asked whether Mia40 was also involved in the
biogenesis of an IMS protein with a bipartite presequence that
is imported via the TIM23 complex. We used the model
protein b,(220)-DHFR that is imported in a Ay-dependent
manner and processed twice (Geissler et al, 2002). mia40-3
mitochondria processed b,(220)-DHFR and transported it to a
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protease-protected location with the same efficiency as wild-
type mitochondria (Figure 3H), indicating that the IMS im-
port pathway via the TIM23 complex does not require func-
tional Mia40.

Protein import into the matrix, inner membrane or outer
membrane is not inhibited in mia40-3 mitochondria

We asked how specific the protein import defect of mia40-3
mitochondria was. We synthesized the precursors of four
presequence-carrying preproteins in reticulocyte lysate: the
inner membrane protein Rieske Fe/S protein (Figure 4A); the
matrix protein F,-ATPase subunit § (F;B) (Figure 4B); and
two matrix-targeted model proteins carrying N-terminal tar-
geting signals fused to dihydrofolate reductase (Su9-DHFR
and b,(167),-DHFR) (Figure 4C and D). All four preproteins
were efficiently processed and transported to a protease-
protected location by mia40-3 mitochondria in a Ay-depen-
dent manner.

The import via the carrier import pathway to the TIM22
complex was studied by following the Ay-dependent assem-
bly of the dicarboxylate carrier (DIC) by BN-PAGE (Figure 4E)
(Rehling et al, 2003). The assembly pathway of the outer
membrane B-barrel protein porin was similarly analyzed by
BN-PAGE (Figure 4F) (Wiedemann et al, 2003a). In both
cases, import and assembly were not impaired in mia40-3
mitochondria. We conclude that mia40-3 mitochondria are

©2004 European Molecular Biology Organization
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Figure 3 mia40-3 mitochondria are inhibited in import of small Tim proteins, Cox17 and Cox19 into the IMS. (A) Energized mitochondria
isolated from WT and mia40-3 cells grown at 19°C were incubated with the radiolabeled precursor of Tim10 at 30°C for the indicated timespans.
The import reaction was stopped on ice. Nonimported precursors were removed by treatment with proteinase K. The reisolated mitochondria
were subjected to digital autoradiography and Western blot analysis. (B-H) The radiolabeled precursors of Tim9, Tim8, Tim13, Cox17, Cox19,
cytochrome c (Cycl) and b,(220)-DHFR were imported into WT and mia40-3 mitochondria in the presence of a Ay unless indicated otherwise.

The mitochondria were treated with proteinase K.

able to efficiently import outer membrane, inner membrane
and matrix proteins.

Small Tim proteins associate with Mia40 on their import
pathway
We asked whether Mia40 associated with small Tim proteins
on their import pathway. The import of radiolabeled Tim9
into wild-type mitochondria was analyzed by BN-PAGE.
Isolated mitochondria were incubated with the Tim9 precur-
sor at different temperatures and then lysed with digitonin.
BN-PAGE showed the temperature-dependent formation of
the mature 70 kDa Tim9-Tim10 complex and 300 kDa TIM22
complex. In addition, a band migrating at about 180kDa,
designated Mia40*, was observed even at relatively low
temperatures (Figure 5A). This band was not found in the
mature Tim9-Timl0 or TIM22 complexes (see below,
Figure 5G, lane 8), and was slightly larger than the Mia40
band on BN-PAGE (Figure 5G, lane 7).

In order to determine whether this band represented an
intermediate of small Tim proteins bound to Mia40, we
analyzed its composition by antibody-shift BN-PAGE
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(Figure 5B) (Truscott et al, 2002; Wiedemann et al, 2003a).
Radiolabeled Tim9 was accumulated in Mia40* of wild-type
mitochondria by performing the import reaction for a short
time. The outer membrane was opened by swelling and
antibodies were added (under the swelling conditions,
Mia40 remains associated with the mitoplasts like the IMS
protein CCHL, see Figure 1F). The mitoplasts were reisolated
and radiolabeled complexes were separated by BN-PAGE.
Antibodies against Mia40 completely shifted the Mia40*
band, but not the Tim9-Tim10 complex (Figure 5B, lane 2).
In contrast, neither antibodies against Tom40 nor antibodies
against Tim23 or Tim22 shifted the Mia40* band (Figure 5B,
lanes 3-5). These results demonstrate that the precursor of
Tim9 is associated with Mia40 during its import pathway.

It has been reported that the biogenesis pathway of small
Tim proteins involves the binding of zinc ions and/or forma-
tion of disulfide bonds (Allen et al, 2003; Lutz et al, 2003;
Koehler, 2004; Lu et al, 2004a,b). We noticed that the relative
amount of the Mia40* intermediate was variable, depending,
for example, on the batch of reticulocyte lysate used. We thus
added zinc ions during the import reaction and observed a

The EMBO Journal VOL 23 | NO 19| 2004 3739
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Figure 4 mia40-3 mitochondria are not impaired in protein import to the matrix, inner membrane or outer membrane. (A-D) The radiolabeled
precursors of the Rieske Fe/S protein, F;p, Su9-DHFR and b,(167),-DHFR were imported into WT and mia40-3 mitochondria (isolated from
cells grown at 19°C) at 30°C in the presence or absence of a Ay. Where indicated, the mitochondria were treated with proteinase K. The
mitochondria were reisolated and analyzed by SDS-PAGE and digital autoradiography. (E) The precursor of DIC was imported into WT and
mia40-3 mitochondria. The mitochondria were treated with proteinase K and analyzed by BN-PAGE and digital autoradiography. DIC,, mature
dimeric form of DIC. (F) The precursor of porin was imported into WT and mia40-3 mitochondria at 30°C. The mitochondria were analyzed by
BN-PAGE.

Figure 5 The precursors of small Tim proteins associate with Mia40. (A) The radiolabeled precursor of Tim9 was incubated with energized
WT mitochondria for 45 min at the indicated temperatures. The mitochondria were reisolated, solubilized by digitonin and subjected to BN-
PAGE and autoradiography. Mia40*, transport intermediate bound to Mia40. (B) Tim9 was imported into WT mitochondria for 10 min at 30°C.
The mitochondria were converted to mitoplasts and incubated with antibodies for 30 min on ice. After reisolation and solubilization by
digitonin, the samples were analyzed by BN-PAGE and autoradiography. (C) Tim9 was imported into WT mitochondria for 45 min at 30°C in
the presence of zinc chloride as indicated. The mitochondria were reisolated, solubilized and subjected to BN-PAGE and autoradiography.
Arrowhead, unspecific band. (D) Tim9 was imported into WT mitochondria for 15 min at 15 or 30°C. The mitochondria were lysed in digitonin
buffer in the presence or absence of f-mercaptoethanol (-ME) and analyzed by BN-PAGE. (E) Tim9 was imported into WT mitochondria for
10min at 30°C where indicated. The mitochondria were subjected to swelling and incubated with antibodies. After reisolation, the
mitochondria were mixed as indicated, solubilized with digitonin and analyzed by BN-PAGE and autoradiography. (F) Tim9 was imported
into WT mitochondria for 10 min at 30°C. The mitochondria were reisolated, incubated at 30°C as indicated and analyzed by BN-PAGE. (G)
Mitochondria isolated from WT and mia40-3 cells grown at 19°C were incubated with the radiolabeled precursors of Tim9 and Tim10 at 30°C.
After solubilization with digitonin, the samples were analyzed by BN-PAGE and autoradiography. For comparison, WT mitochondria were

analyzed by BN-PAGE and immunodecoration (samples 7 and 8). (H) Tim8 was imported into WT and mia40-3 mitochondria as described in
the legend to G.
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significant increase in the formation of the Mia40* inter-
mediate (Figure 5C). To determine whether disulfide bonds
were also involved in the formation of the Mia40* intermedi-
ate, we added B-mercaptoethanol in the lysis buffer after the
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import of Tim9 into wild-type mitochondria. We used two
import conditions: low temperature to mainly generate the
Mia40* intermediate (Figure 5D, lanes 1 and 2) and higher
temperature to additionally generate the mature TIM
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complexes (Figure 5D, lanes 3 and 4). In both cases, the
Mia40* intermediate was efficiently dissociated by p-mercap-
toethanol, while the Tim9-Tim10 complex as well as the
TIM22 complex were also present under reducing conditions.
Since the reducing conditions do not affect the mobility of the
Mia40 protein on BN-PAGE (Figure 1C), we conclude that the
interaction between Mia40 and the small Tim proteins also
depends on disulfide bonds. These results suggest that the
biogenesis of small Tim proteins via Mia40 may involve both
metal ions and disulfide bonds.

Of concern was the possibility that the observed interac-
tion between Mia40 and the precursor of Tim9 occurred after
lysis of mitochondria. We therefore performed a mixing
experiment. Radiolabeled Tim9 was imported into wild-type
mitochondria (Figure SE, reaction a), while in a parallel
reaction mitochondria were incubated without radiolabeled
precursor (Figure SE, reaction b). Both mitochondria were
subjected to swelling. The mitochondria of reaction b re-
ceived antibodies directed against Mia40. Then, both mito-
chondria were reisolated, mixed and lysed by digitonin. In a
control reaction, radiolabeled Tim9 was imported into mito-
chondria that subsequently received anti-Mia40 antibodies
(Figure SE, reaction c¢) and were then mixed with mitochon-
dria that received neither Tim9 precursor nor antibodies
(Figure SE, reaction d). The BN-PAGE analysis shows that
the Mia40* intermediate was only affected by the anti-Mia40
antibodies when the antibodies had been added to the
mitochondria importing Tim9 (Figure 5E, lane 2). Thus, the
association of radiolabeled Tim9 with Mia40 occurred within
mitochondria and not after lysis.

We asked whether a precursor accumulated in Mia40* was
chased to the mature TIM complexes. Tim9 was accumulated
in Mia40* by a short-term import reaction (Figure SF, lane 1).
Then the reisolated mitochondria were incubated further
at 30°C. Thereby, the Tim9 precursor was chased into the
mature complexes, the Tim9-Tim10 complex and the TIM22
complex (Figure SF, lanes 2-4). This finding demonstrates
that the association with Mia40 represents a productive
intermediate in the biogenesis pathway of the small Tim
protein.

We investigated whether the mia40-3 mutant mitochondria
were inhibited in formation of the Mia40* intermediate.
Radiolabeled Tim9 or Tim10 were imported into wild-type
and mia40-3 mitochondria and analyzed by BN-PAGE. In
mia40-3 mitochondria, not only was the formation of the
Tim9-Tim10 and TIM22 complexes impaired, but also the
formation of the Mia40* intermediate (Figure 5G). Similarly,
upon import of radiolabeled Tim8 into mia40-3 mitochon-
dria, the formation of Mia40* and of the mature 70kDa
Tim8-Tim13 complex were inhibited compared to wild-type
mitochondria (Figure SH). Therefore, functional Mia40 is
required for generation of the intermediate on the import
pathway of small Tim proteins.

Small Tim proteins accumulate at Mia40 when the
assembly into mature TIM complexes is impaired

The results shown above suggested that the decreased bind-
ing of small Tim precursors to Mia40-3 may be the reason for
their impaired translocation across the outer membrane. To
obtain independent evidence for this view, we selected the
temperature-sensitive mia40-4 yeast mutant. Marker proteins
were comparable between wild-type and mia40-4 mitochon-
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dria when the cells were grown at permissive (low) tempera-
ture (Figure 6A). The level of the mutant protein Mia40-4 was
increased about two-fold in comparison to wild-type Mia40
(Figure 6A, upper panel, lanes 1-4). When radiolabeled Tim9
was imported into isolated mia40-4 mitochondria, signifi-
cantly increased amounts of the Mia40* intermediate were
observed, while the formation of the Tim9-Tim10 and TIM22
complexes was delayed (Figure 6B, lanes 4-6 versus 1-3).
Thus, the mutant protein Mia40-4 is able to bind the pre-
cursors of small Tim proteins, but is probably impaired in
their release, leading to a prolonged presence of the precur-
sors in the Mia40* intermediate. We then analyzed the
translocation of the precursor of Tim9 to a protease-protected
location by SDS-PAGE. In mia40-4 mitochondria, the pre-
cursor of Tim9 was indeed transported to a protease-pro-
tected location, with an efficiency close to that of wild-type
mitochondria (Figure 6C), in clear contrast to the import
inhibition in mia40-3 mitochondria (Figure 3B). The different
ability of the mutant mitochondria mia40-3 and mia40-4 to
translocate Tim precursors to a protease-protected location
correlates with the ability of the mutant Mia40 to associate
with the precursor proteins, indicating that binding to Mia40
is critical for the translocation of small Tims across the outer
membrane.

We asked where the precursors of small Tim proteins
accumulated when the final assembly into the mature TIM
complexes was impaired. We used tim10-2 mutant mitochon-
dria. As reported by Truscott et al (2002) and Wiedemann et al
(2004b), timI0-2 mitochondria contain wild-type levels of
marker proteins for the different mitochondrial subcompart-
ments, only the levels of Tim10 and Tim9 are reduced. Mia40
was present in wild-type amounts in timI0-2 mitochondria
(Figure 6D). The mutant mitochondria efficiently transported
the radiolabeled precursor of Tim9 to a protease-protected
location (Figure 6E). As expected, due to the mutation and
reduced level of the Tim10 partner protein, the assembly of
the Tim9 precursor into the mature TIM complexes was
strongly impaired in tim10-2 mitochondria (Figure 6F). The
radiolabeled Tim9 precursor accumulated as a Mia40* inter-
mediate (Figure 6F). Thus, the final assembly of Tim9 into
the mature TIM complexes is not required for translocation of
the precursor across the outer membrane, but unassembled
Tim9 molecules accumulate at Mia40 in the IMS. Mia40 thus
represents a link between translocation and assembly of
small Tim proteins.

We investigated whether the precursors of Cox19 and
Cox17 interacted with Mia40 on their biogenesis pathway.
Radiolabeled Cox19 was imported in the presence of the
oxidizing reagent CuCl,, which promotes crosslinking by
formation of disulfide bridges (Seedorf and Soll, 1995). BN-
PAGE revealed a Mia40* band, which was specifically in-
creased in mia40-4 mitochondria (Figure 6G, lanes 1 and 4).
To verify the presence of Mia40 in the intermediate, an
antibody-shift BN-PAGE was performed. The mitochondria
were subjected to swelling after the import reaction and
incubated with antibodies. Anti-Mia40 completely shifted
the Mia40* intermediate, whereas preimmune antibodies
had no effect (Figure 6G, lanes 2 and 5 versus 3 and 6). A
similar Mia40* intermediate was observed for the import of
Cox17 into mia40-4 mitochondria (Figure 6G, lanes 7-9). We
conclude that Cox17 and Cox19 interact with Mia40 on their
import pathway.
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Figure 6 Mia40 is involved in the assembly pathway of small Tim proteins. (A) Mitochondria from WT and mia40-4 cells grown at 19°C were
analyzed by SDS-PAGE and immunodecoration. Mia40, Tim10, Mgel and Tom40, 15 pg mitochondrial protein (odd-numbered lanes), 45 pg
mitochondrial protein (even-numbered lanes); other proteins, 25 pg mitochondrial protein (odd-numbered lanes), 50 pg mitochondrial protein
(even-numbered lanes). (B) Energized mitochondria isolated from WT and mia40-4 cells grown at 19°C were incubated with the radiolabeled
precursor of Tim9 at 30°C. The mitochondria were solubilized with digitonin and analyzed by BN-PAGE and autoradiography. (C) Tim9 was
imported into WT and mia40-4 mitochondria at 30°C, followed by treatment with proteinase K. The mitochondria were reisolated and subjected
to SDS-PAGE and autoradiography. (D) Mitochondria (pg of protein) from WT and tim10-2 cells grown at 24°C were analyzed by SDS-PAGE
and immunodecoration. (E) Tim9 was imported into WT and tim 10-2 mitochondria at 30°C, followed by proteinase K treatment and SDS-PAGE.
(F) Tim9 was imported into WT and tim10-2 mitochondria at 30°C and analyzed by BN-PAGE and digital autoradiography. (G) Radiolabeled
Cox19 and Cox17 were imported into WT or mia40-4 mitochondria in the presence of 10uM CuCl,. After swelling and incubation with
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Discussion

We report that Mia40 is the first essential protein of an IMS-
specific protein import machinery. The precursors of small
Tim proteins are transported across the outer membrane in a
loosely folded conformation (Lutz et al, 2003; Koehler, 2004;
Lu et al, 2004a). The small Tim proteins bind to Mia40
and this interaction is crucial for the complete translocation
into the IMS. Mia40 is not present in the mature TIM
complexes of the IMS, but is required for formation of an
intermediate step in the import and assembly pathway of
small Tim proteins.

When the assembly of the Tim9-Tim10 complex is im-
paired due to a timl10 mutation, radiolabeled precursors of
small Tim proteins are completely translocated into the IMS
and accumulate at Mia40. The suggestion that Mia40 is
important for the import and assembly pathway of small
Tims is underscored by the comparison of two different
mia40 mutant mitochondria. The mutant protein Mia40-3 is
impaired in its interaction with the precursors of small Tim
proteins. The translocation of the precursors into the IMS is
thus inhibited and, as a consequence, their subsequent
assembly into the mature TIM complexes is hindered. The
mutant protein Mia40-4, however, efficiently associates with
the small Tim proteins and indeed the precursor proteins are
translocated into the IMS. However, the assembly of the small
Tim proteins into the mature TIM complexes is delayed since
the precursors accumulate at this Mia40 mutant protein.

Mia40 is not required for the three previously character-
ized mitochondrial protein import pathways that direct pro-
teins to the matrix, inner membrane or outer membrane:
the presequence pathway via the TIM23 complex, the carrier
pathway via the TIM22 complex and the B-barrel pathway
via the SAM complex (Herrmann and Neupert, 2000; Jensen
and Johnson, 2001; Endo et al, 2003; Wiedemann et al,
2004a). IMS proteins with a bipartite presequence that use
the TIM23 complex are also imported independently of func-
tional Mia40. Interestingly, the precursor of Mia40 itself also
contains a bipartite presequence and is imported via the
TIM23 complex.

Mia40 contains six highly conserved cysteines. Four of
these cysteines form a twin CxoC motif that is also found in
other IMS proteins such as the copper protein Cox17 and the
related protein Cox19 (Beers et al, 1997; Nobrega et al, 2002).
It is currently a matter of debate whether the cysteines of the
small Tim proteins are required for coordination of metal ions
(zinc) or the formation of disulfide bonds (Sirrenberg et al,
1998; Curran et al, 2002a,b; Allen et al, 2003; Lu et al,
2004a,b). Several studies showed an involvement of the
four conserved cysteines of the small Tim proteins in the
import and assembly of these proteins (Roesch et al, 2002;
Allen et al, 2003; Lutz et al, 2003; Koehler, 2004; Lu et al,
2004a). Recently, it has been suggested that both mechan-
isms, zinc binding and disulfide bond formation, are involved
in the biogenesis of small Tim proteins (Lutz et al, 2003;
Koehler, 2004; Lu et al, 2004a, b). The characterization of the
role of Mia40 in the import of small Tim proteins is in
agreement with this view, since an involvement of both
metal ions and disulfide bonds was found. A combination
of both mechanisms in protein function or biogenesis has
been reported for proteins such as copper/zinc-superoxide
dismutase, metallothionein and the heat shock protein Hsp33
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(Maret and Vallee, 1998; Jakob et al, 2000; Sturtz Field et al,
2003).

The role of Mia40 in protein import is not restricted to
small Tim proteins. The transport of Cox17 and Cox19 into
the IMS similarly required functional Mia40. Thus, Mia40
seems to play a general role in the translocation, into the IMS,
of small proteins containing conserved cysteine residues. The
exception is cytochrome c that contains two cysteines to
which heme is covalently attached. The biogenesis of cyto-
chrome c has been addressed in many studies that revealed a
unique import mechanism, including an unusual dependence
on Tom proteins (Diekert et al, 2001; Wiedemann et al,
2003b). The covalent attachment of heme by CCHL in the
IMS is crucial for translocation of the precursor of cyto-
chrome c and its trapping in the IMS (Nargang et al, 1988;
Dumont et al, 1991). The “folding-trap’ model, which predicts
a passive diffusion via the TOM complex and trapping in the
IMS by refolding (Lutz et al, 2003), may thus apply to the
biogenesis of cytochrome c. Other small IMS proteins tested,
however, critically depend on the presence of functional
Mia40. Since these IMS proteins apparently contain different
metal ions or even disulfide bonds, it is unlikely that the role
of Mia40 is restricted to the donation of a specific metal ion to
an incoming precursor protein.

In summary, Mia40 is a central player of the IMS-import
machinery for small IMS proteins. Mia40 binds to the incom-
ing unfolded precursor proteins and promotes the completion
of translocation into the IMS. The assembly of imported
proteins into functional complexes, like in the case of small
Tim proteins, is initiated from the Mia40-bound state. Thus,
Mia40 plays an essential function in the mitochondrial IMS
protein import and assembly pathway.

Materials and methods

Yeast strains and growth conditions

The S. cerevisiae strains used are derivatives of YPH499 (MATa
ade2-101 his3-200 leu2-1 ura3-52 trpl-63 lys2-801) (Sikorski and
Hieter, 1989). For the isolation of wild-type mitochondria, the
YPH499 strain was grown at 24-28°C in liquid YPG medium (1%
(w/v) yeast extract, 2% (w/v) bacto-peptone, 3% (w/v) glycerol).

Conditional mutants of MIA40 (encoded by YKL195w/FMP15)
were generated by error-prone PCR and isolated by screening for a
temperature-sensitive growth phenotype according to the procedure
described in Truscott et al (2002). The mutant strains and the
corresponding wild-type strain YPH499-BG-FOMP2-wild type (WT)
(MATa ade2-101 his3-200 leu2-1 wura3-52 trpl-63 lys2-801
mia40::ADE2 (pFL39-FOMP2/MIA40-WT)) contained a chromoso-
mal deletion of MIA40 and carried the mutant or wild-type allele of
MIA40, respectively, on a centromeric plasmid under the control of
its own promoter and terminator. The strains YPH-BG-fomp2-8
(mia40-3; MATa ade2-101 his3-200 leu2-1 ura3-52 trpl-63 lys2-80
mia40::ADE2 (pFL39-FOMP2-8ts/mia40-3)) and YPH-BG-fomp2-7
(mia40-4; MATa ade2-101 his3-200 leu2-1 ura3-52 trpl-63 lys2-80
mia40::ADE2 (pFL39-FOMP2-7ts/mia40-4)) were selected. The
mutations led to the following amino-acid changes: Mia40-3:
K100R, E142G, E144A, D178G, M361V, E370Stop; Mia40-4: T313A,
1316M, F342L.

For the isolation of mitochondria and in vitro import studies, the
mia40-3 and mia40-4 strains and the corresponding wild-type strain
were grown at 19°C in liquid YPG medium. To study specific defects
in vivo, mia40-3 and the corresponding wild-type strain were grown
in liquid YPG medium at 30°C or 33°C.

In vitro import of precursor proteins

Mitochondrial precursor proteins were synthesized in rabbit
reticulocyte lysate (Amersham) in the presence of >°S-labeled
methionine/cysteine. The import of radiolabeled precursors (with
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or without prior denaturation in urea) into isolated mitochondria
was performed at 30°C in the presence of 2 mM ATP, 2 mM NADH
and an ATP-regeneration system (5mM creatine phosphate and
0.1 mg/ml creatine kinase) in the standard import buffer (Ryan et al,
2001). The import reaction was stopped on ice by adding proteinase
K (50 pg/ml) for 15 min or by dissipation of the membrane potential
(Ryan et al, 2001).

Fractionation procedures

For fractionation of yeast cells, spheroplasts were lysed and
subjected to successive differential centrifugation. Pellets and
supernatant fractions were analyzed by immunodecoration with
antibodies against marker proteins.

To release soluble proteins, mitochondria were sonicated
(3 x30s with 40% duty cycle in a Branson Sonifier 250) in ice-
cold buffer containing 250 mM sucrose, 1 mM EDTA and 10 mM
MOPS, pH 7.2. The soluble and membrane-bound material was
separated by centrifugation at 100000 x g for 1h. Isolated mito-
chondria were converted to mitoplasts by hypotonic swelling and
were treated with proteinase K according to Ryan et al (2001).

BN-PAGE and antibody shift

BN-PAGE was performed essentially as described previously
(Dekker et al, 1996, 1997). Briefly, mitochondria (80-100pg
protein) were solubilized in ice-cold 1% digitonin buffer (1%
(w/v) digitonin, 20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 10% (w/v)
glycerol, 0-0.1 mM EDTA, 1mM phenylmethylsulfonyl fluoride).
Soluble material was separated on a 6-16.5% gradient gel at 4°C
and subjected to autoradiography. For immunodetection of protein
complexes, the soluble material separated by BN-PAGE was
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transferred to a PVDF membrane and decorated with specific
antibodies. Antibody-shift BN-PAGE was performed as described
(Truscott et al, 2002; Wiedemann et al, 2003a), except that the
mitochondria were converted to mitoplasts prior to the incubation
with antibodies.

Miscellaneous

For generation of antibodies, full-length precursor of Mia40 with a
Hisjo-tag at the N-terminus was expressed in E. coli BL21-Codon
Plus (DE3)-RIL (Stratagene) after induction by IPTG, purified by Ni-
NTA affinity chromatography under denaturing conditions and
injected into rabbits. Recombinant Mia40 was used for affinity
purification of antibodies.

SDS-PAGE was performed according to standard procedures. For
the separation of proteins below 15kDa, Tris-tricine SDS-PAGE or
urea-SDS PAGE were applied (Wiedemann et al, 2003b). In some
figures, nonrelevant gel lanes were excised by digital treatment.
Western blots were performed on PVDF membranes according to
standard procedures.
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